Abstract-Femtocell base station (BS) is a low-power, low-price BS based on the cellular communication technology. It is expected to become a cost-effective solution for improving the communication performance of indoor users, whose traffic demands are large in general. We propose long-term parameter optimization schemes for open and hybrid femtocells, which maximize the average throughput of macrocell users by offloading the macro users' downlink traffic to femtocells. To achieve this goal, load balancing between femtocells and macrocells is needed, and hence, we jointly optimize the ratio of dedicated resources for femtocells as well as the femtocell service area in open access femtocell networks by numerical analysis. Then, we extend our algorithm to hybrid access femtocells, where some intrafemtocell resources are dedicated only for femtocell owners, while remaining resources are shared with foreign macrocell users. Our evaluation results show that the proposed parameter optimization schemes significantly enhance the performance of macrocell users because of the large offloading gain. The benefits provided to femtocell users are also adaptively maintained according to the femtocell users' requirements. The results in this paper also provide insights about the situations where femtocell deployment on dedicated channels is preferred to the cochannel deployment.
I. INTRODUCTION
A FEMTOCELL base station, abbreviated as femto BS or fBS, is a small BS with low transmission power and cost, which can be installed by customers to enhance cellular performance at home by transporting traffic via an Internet backhaul such as digital subscriber line (DSL) or cable modem. The femtocell technology is preferable to competing indoor wireless technologies due to its large capacity and backward compatibility with existing cellular communications. In particular, two-tier cellular networks, consisting of a conventional macrocell and underlaying short-range femtocells, have received considerable attention as an efficient solution to deal with the exploding demand for wireless data [1] . There are mainly three strategies for femtocell accessclosed, open, and hybrid access strategies. In closed access, a femtocell can only be accessed by authorized femtocell users, whereas any macrocell user can access the femtocell in the open access mode. Some existing work [2] - [4] have shown that open access femtocells can improve the system performance by partially migrating the traffic of congested macrocells to the femtocells. Hybrid access is a compromise between closed and open access, where an fBS grants nearby users an open-access-like mode but gives priority to subscribed femtocell owners over unsubscribed users. Although 3GPP Release 8 specification [5] only supports closed and open access modes, the hybrid access mode has been later introduced in 3GPP Release 9 specification [6] thus signifying the importance of considering both the open and hybrid access strategies.
In this paper, we numerically analyze and optimize the performance of both open and hybrid access femtocell networks. We propose load balancing schemes which properly distribute traffic loads between macrocells and femtocells, aiming at maximizing the average throughput of the macrocell users while guaranteeing the femtocell owners to achieve larger throughput than the macrocell users. Such an approach not only improves the macrocell users' performance via traffic offloading, but also promotes the deployment of femtocells via the guaranteed benefit to the femtocell owners.
In our proposed framework, we strike a balance between a macrocell and coexisting femtocells via adaptation of the femtocell service area, because the amount of traffic loads is dominated by the number of associated users. In order to maximize the offloading efficiency, an orthogonal deployment -in which the whole wireless resources are divided into two parts, one dedicated to femtocells and the other reserved for a macrocell -is considered, and we jointly optimize the resource amount and the service area of the femtocells. The optimization problem is first studied for open access femtocells, and then extended to hybrid access femtocells where an adaptive portion of intra-femtocell resources is exclusively used by femtocell owners while remaining resources are shared with macrocell users associated with the femtocells.
The contributions of this paper are summarized as follows : 1) We numerically analyze the performance of macrocell and femtocell users in two-tier cellular networks where open and hybrid access fBSs are deployed in an unplanned manner. 2) Multiple essential parameters in the open and hybrid access femtocell networks are jointly optimized to enhance the performance of both the macrocell and femtocell users. 3) We show that the orthogonal spectrum dedication for open and hybrid access femtocells is more beneficial than co-channel deployment in some scenarios. 4) It is proved that the joint optimization of the amount of dedicated resources and the service area of femtocells is a convex optimization problem in typical environments. The rest of the paper is organized as follows. Section II presents the related work, and Section III introduces the system model and our load balancing problem formulation in the open and hybrid access based two-tier cellular networks. Section IV analyzes the average throughput of each type of users to complete the problem formulation. Section V obtains the optimal parameters of open access femtocell networks and derives related theorems, and Section VI optimizes the system parameters of hybrid access femtocells by extending the open access femtocell framework. Section VII evaluates the proposed schemes via numerical analysis and computer simulations, and Section VIII concludes the paper.
II. RELATED WORK
There have been many resource allocation schemes proposed for the two-tier cellular networks, but most of them are heuristic or locally optimized schemes [7] - [16] . There also exist approaches conducting the optimization based on full channel information [17] - [19] or game theoretic model [20] - [23] . Our work, however, is different from the aforementioned work since we consider the fBSs deployed in an unplanned manner and optimize the system-wide performance based on the long-term system information. Our long-term based approach is complementary to the short-term counterparts in the sense that ours can provide good guidelines for the parameter configuration according to the average system performance.
In the literature, the most relevant efforts are the research in [12] and [24] . Jo et al. [12] propose transmit power adaptation that controls the shape and the size of the coverage of closed access femtocells, the objective of which is to minimize the femtocell-to-macrocell interference while guaranteeing the service area of the subscribed users. Service area adaptation in this paper, however, is distinctive because the macrocell users in open and hybrid access femtocell networks can access the nearby femtocells emitting strong signals. Chandrasekhar and Andrews [24] propose a bandwidth division scheme in the two-tier cellular networks with closed access femtocells, whose objective and constraints are different from our work since ours utilizes the traffic offloading gain in the open and hybrid access femtocell networks. Furthermore, we optimize some other control parameters, such as the target service area of a femtocell and the intra-femtocell resource dedication ratio for a femtocell owner, together with the bandwidth division ratio to enhance the system performance. [25] with intensity λ f . We assume that each fBS is owned by a femtocell mobile station (fMS). The fBS is located at the center of an indoor circular home region with the radius D h which is isolated from the outdoor area by a wall, and the fMS is randomly located within the fBS's coverage.
We assume that the distance between any two fBSs is larger than 2D h , thus non-overlapping with each other. This is reasonable because it is highly unlikely to have such an overlap with the practical range of λ f and D h : the probability that two or more fBSs overlap with each other, P overlap , is identical to the probability that two or more fBSs exist in the area of π(2D h ) 2 , and thus
= 0.079 in US, and 0.081 in Korea,
where the values of λ f and D h are obtained from [26] and [27] . 1 In Section VII, it will be verified in Fig. 6 (a) that such an approach approximates typical environments with a reasonably small analytical error (around 1%).
Similar to fBSs, macrocell users are assumed randomly distributed according to SPPP with intensity λ u . The macrocell users are categorized into two types, a macrocell mobile station (mMS) if associated with mBS, and an open access mobile station (oMS) if associated with fBS due to the open or hybrid access policy.
The downlink channel gain between a BS and an MS is modeled by Ψ (Zd) −α , where d is the distance between the transceivers, α is the pathloss exponent, Z is a fixed loss according to the link types, and Ψ ∼ exp (1) is a Rayleigh fast fading component with a unit average power. The values of Z and α are defined in Table I for various link types. We consider multiple discrete transmission rates, where the rate is adaptively determined according to the Signal to Interference plus Noise Ratio (SINR) at the receiver.
where Γ L+1 = ∞. Based on variable rate M-QAM, the spectral efficiency of rate index l is modeled as where G denotes the Shannon Gap in [28] . Table II summarizes the specific rate set used in the simulations. We consider a fully-loaded network where the BSs always have packets to transmit. We also assume that the mBS or the fBS allocates the resource blocks in a round-robin manner so that the whole wireless resources in the cell are equally distributed to the associated users in a long-term thus achieving the basic level of intra-cell resource fairness. 2 We assume that the transmission power spectral densities, i.e., power per Hz, of the mBS and fBSs are fixed as P m and P f , respectively, and the noise power density is given by P N . Table III provides the definitions and default values of the frequently used notations in this paper.
B. Our Framework: Open and Hybrid Access Femtocells
Our scheme divides the whole available resources into two orthogonal sub-parts, dedicated to the macrocell and femtocells, respectively, as shown in Fig. 1 . 3 We denote by ρ ∈ [0, 1] the fraction of resources dedicated to the femtocells, which will be optimized to properly balance the traffic loads in the macrocell and femtocells. We propose such orthogonal channel deployment because the resource separation not only enhances the maximum service coverage of femtocells by removing the cross-tier interference with macrocells, but also enables separate and flexible control of service quality provided to each type of users. Though it has been generally said that open access femtocells prefer co-channel deployment, the results of this paper show that algorithms based on separate bandwidth can be more beneficial in some conditions 4 thanks to the enhanced offloading gain and the increased flexibility to control the performance of fMSs, mMSs, and oMSs.
A hybrid access fBS allows the access from macrocell users, but the intra-cell resource scheduler gives priority to 2 The hybrid access fBS reserves some amount of resources for the fMS and the remaining resources are allocated using a round-robin manner. 3 We assume that the wireless resources can be divided either in time domain or frequency domain or both. 4 The preferred conditions of the orthogonal deployment include heavily-loaded macrocells (thus requiring large traffic offloading), imperfect macrocell service coverage (thus necessitating femtocell assistance for coverage extension), and limited willingness to pay for femtocell service by customers. the fMS. It is different from the intra-cell resource allocation policy of the open access femtocell where the resources are equally allocated to all the users without distinguishing the fMS from the other macrocell users. As shown in Fig. 1 , we assume that β fraction of intra-femtocell resources are dedicated to the fMS, and the remaining resources are equally shared by the fMS and oMSs. Open access femtocell is a special case of hybrid access femtocell where β = 0.
Our load balancing scheme jointly optimizes the average service area of a femtocell as well as the amount of bandwidth dedicated to femtocells and the amount of intra-femtocell resource dedicated to an fMS. We optimize the service area of a femtocell because the cell selection based on the strongest RSS value is not efficient to promote the load balancing. Fig. 2 describes the system model for the service area optimization, where d f denotes the service radius of a femtocell. We assume that the femto-/macro-cell users located within the femtocell's coverage are associated with the femtocell rather than the macrocell. We set d f ≥ D h so that each fBS can fully cover its indoor home area, and d f ≤ D max where D max is constrained by the physical limitation to support wireless communications. In our work, D max is defined by the maximum distance where the average outage probability of an oMS is less than or equal to O max while the lowest transmission rate is used.
The service area adaptation is implemented by using a simple MS initiated Cell Selection (MSCS) scheme. In MSCS, the received signal strength (RSS) threshold for femtocell association, which is referred to as P cs , is determined, and an MS measures the average RSS values of transmitted signals from the neighboring mBSs and fBSs.
5 If the MS finds some fBSs providing the average RSS larger than P cs , the MS associates with the best fBS among them regardless of the RSS values from the mBSs. Therefore, the target femtocell radius d f is directly related to P cs by
where P f is the fixed transmission power density of the fBS.
Since there is an one-to-one mapping between d f and P cs , this paper optimizes d f instead of P cs .
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Then, we formulate our parameter optimization problem for load balancing in hybrid access femtocell networks. The same framework can be applied for open access femtocells by setting β = 0. Deployment of open and hybrid access femtocells has an advantage that it can improve the performance of the macrocell users as well as the femtocell owners by transferring the traffic load in the congested macrocells to the femtocells. Though open access is allowed, fMSs expect a differentiated experience when using their femtocells at home, and thus benefiting fMSs is very important to motivate the consumers to buy and install femtocells. Therefore, we aim at maximizing the average performance of mMSs by controlling ρ, d f , and β (hybrid access only), while guaranteeing the relative benefits of femtocell owners. Specifically, it is assumed that fMSs expect that their average femtocell throughput should be at least M times larger than the average throughput of mMSs though they allow the open access. Such an approach would promote wider spread of femtocells by posing an incentive to the end users who are deploying their own femtocells.
Denoting the average throughput of an fMS, mMS, and oMS by
, respectively, our optimization problem is formulated as: 
The macrocell users might not want to associate with fBSs if the performance is degraded by the open access with fBSs. Therefore, the constraint (5) is additionally introduced to guarantee the minimum performance of oMSs. Because oMSs are not the subscribed users, K is configured as a value smaller than M , and we basically assume that K = 1.
Our framework is a long-term parameter optimization based on the average system-wide performance metric. Though a short-term local resource allocation scheme might improve the performance of the local system efficiently, our long-term optimization is very meaningful in the following aspects.
First, the joint parameter optimization of macrocells and femtocells is likely performed at a long-term interval 7 due to the system architecture of the two-tier cellular networks. In 3GPP LTE system, automatic parameter configuration and optimization are conducted by self-organizing network (SON) procedures, which is shown in Fig. 3 where macrocell and femtocell base stations are referred to as eNodeB (eNB) and Home eNodeB (HeNB), respectively [29] . Although SON algorithms can be implemented in any of eNB, HeNB, device management (DM), HeNB management system (HeMS), and network management (NM), it is natural to have NM as a central point of SON operations because no direct interface between eNB and HeNB exists. In case short-term optimization is employed at NM, there would be a tradeoff between enhanced optimization and increased complexity due to frequent information updates from end devices.
Second, long-term optimization can consider the networkwide performance thanks to the relatively small overhead per unit time and relaxed time constraint. Therefore, our long-term optimization is complementary to the short-term resource allocation in the sense that it can provide good guidelines for the system-wide parameter configuration. Such guidelines can be utilized by SON's self-configuration and/or self-optimization [6], e.g., for the initial parameter selection.
IV. NUMERICAL ANALYSIS OF TWO-TIER CELLULAR NETWORKS

A. Average Throughput of fMS
In this section, we analyze the average throughput performance of fMSs. Let us consider an fMS who is located at r f away from its serving fBS. As explained in Section III, we simply assume that the distribution of fBSs follows pure SPPP in numerical analysis. Due to the characteristics of homogeneous Poisson point process [25] , the interference measured by a typical fMS is representative of the interference seen by all other fMSs. Then, similar to the SINR models in [30] and [31] , the complementary cumulative distribution function (CCDF) of an fMS's SINR is given by
where
f . The pathloss parameters in the above equation, i.e., Z 2 , α 2 , Z 5 , and α 5 , are properly chosen from Table I by considering that the fMSs are always located inside the buildings in our system model. The detailed derivation of (7) is given in Appendix A-A.
The probability density of the distance between an fMS and its serving fBS is given by
. Hence, the average spectral efficiency of an fMS, denoted by B f , is calculated as
where b l , Γ l , and L are the spectral efficiency of rate index l, the SINR threshold to utilize the rate index, and the number of available rate sets, respectively. At a given average spectral efficiency value, the average throughput of an fMS is degraded when the femtocell resources are shared with other macrocell users, i.e., oMSs, in the hybrid (and open) access mode. Let us denote the random variable for the number of oMSs who are associated with an fBS as N o . Then, the average throughput T f is given by
where W is the system bandwidth, and B f is the spectral efficiency of an fMS. In (9), the dedicated resources to an fMS contribute to the first term while the second term is due to the shared resources between fMS and oMSs. In addition, the equality holds because the spectral efficiency of an fMS, i.e., B f , is independent of the number of N o . If we refer to the service area of a given femtocell as y, the number of oMSs in the femtocell's service area follows Poisson random variable with the mean λ u y, and the probability mass function of N o (y) is given by
and we obtain the expectation value as
Let us denote the average service area of a femtocell as
. From (9) and (11), we obtain the approximated value for the average throughput of an fMS as follows:
where the approximation in the second step has been made for the sake of deriving close-form solutions, and as shown in Fig. 6 (a) such approximation has a limited impact. The average throughput of an fMS in open access femtocell is obtained by setting β = 0. The average service area of a femtocell is smaller than πd 2 f due to the overlapping coverage among neighboring femtocells. Hence, we obtain the average service area, x, by using the CCDF of Poisson point process such as
Therefore, the probability that a macrocell user is covered by an fBS is given by 1 − e −πd 2 f λ f , and it is equivalent to the fact that the fBSs cover the area of
average. Because the average number of fBSs in a macrocell area is A m λ f , the average area of a femtocell region can be approximated by
Because d f and x have an one-to-one relationship, in the rest of the paper we use x as the control parameter instead of d f and omit '(d f )' unless necessary, for the simplicity of presentation.
B. Average Throughput of mMS
In this section, we model the average throughput performance of an mMS, which is defined as the macrocell user who is currently associated with the mBS. Let us refer to the distance between an mMS and its serving mBS as r m . From the assumption that each fBS fully covers its indoor home area, SINR CCDF of an mMS for a given r m is obtained by
As shown in Table I , Z 1 and α 1 are the fixed pathloss value and the pathloss exponent in outdoor environments, respectively. The detailed derivation of the above equation is shown in Appendix A-B. The probability that a macrocell user becomes an mMS, which is referred to as p mMS , is given by
where x is the average service area of a femtocell derived in (14) . As shown in (16) that p mMS is independent of the location of the macrocell user, i.e., the distance between the user and the mBS, due to the random distribution of fBSs. Therefore, if we refer to the distance between an mMS and its serving mBS as r m , the probability density function of r m is also given by
From (15) and (17), the average spectral efficiency of an mMS is given by
where Γ L+1 = ∞. In order to calculate the above equation, we calculate
where β l is defined by
with y, the above equation is obtained by
where G (a, b)
Although femtocell deployment does not change the average spectral efficiency of an mMS, the average throughput of an mMS can be improved by deploying the femtocells, because the number of mMSs sharing the macrocell resource is reduced by relocating some macrocell users, i.e., oMSs, to the femtocells. In our system model, the average number of macrocell users is given by N u = A m λ u . Let us refer to the number of mMSs in a macrocell area for a given x as N m . From (16), the expectation of N m is given by
Due to the decomposition property of Poisson point process, N m is also a Poisson random variable with the mean of N m .
The macrocell capacity of (1 − ρ)W B m is shared by N m mMSs. Since the capacity is utilized only when N m > 0, the average achievable capacity is given as (1 − ρ)W B m P (N m > 0). Then, the average throughput of an mMS can be approximated as the average achievable capacity divided by N m , i.e., the average number of mMSs, such that
C. Average Throughput of oMS
In order to complete the load balancing problem formulated in (3), we analyze the average throughput of an oMS and the maximum service radius of femtocells, i.e., T o and D max , respectively. When the target femtocell service radius is configured as d f , a macrocell user associates with its nearest fBS if the distance between the user and fBS is equal to or smaller than d f . From (16), the probability that a macrocell user becomes an oMS is given by λ f x. Let us refer to the distance between an oMS and its serving fBS as r o . Then, the conditional probability density function of r o is given by
When r o is given, the SINR CCDF of an oMS is given by:
The detailed derivation of the above equation is found in Appendix A-C. Then, we obtain the average spectral efficiency of an oMS. Let us refer to the probability that an oMS chooses the (22), the average spectral efficiency of an oMS is given by
We denote the number of oMSs in a femtocell area by N o , which is a Poisson random variable with the mean of λ u x. For the shared resources, the capacity of (1 − β)ρW B o (x) is shared by N o + 1 users, i.e., N o oMSs and an fMS. Then, the average throughput of an oMS can be approximated as the average achievable capacity by oMSs divided by N o , i.e., the average number of oMSs, such that
where n o /(n o + 1) in the numerator implies the capacity portion occupied by oMSs, and
From (26) and (27), T o is obtained by
Furthermore, we analyze the maximum service radius of a femtocell, i.e., D max , to complete the problem formulation in (3) . D max is an important parameter which determines the range of our design parameter d f (or x). As described in Section III-B, we define D max as the maximum target service radius where the average outage rate of an oMS is less than or equal to O max . We assume that an outage occurs when the instantaneous SINR is less than the threshold for the lowest transmission rate, i.e., Γ 1 in Table II . From the definition, average outage rate of an oMS with the given target service radius d f is calculated by
which looks very similar to (25 
V. OPTIMIZATION IN OPEN ACCESS FEMTOCELLS
A. Optimization of Parameters in Open Access Femtocells
In this section, we prove that our optimization problem in open access mode becomes a single variable convex problem in some typical environments (which will be named as the fMS's requirement-limited environments in Proposition 2), and the optimal parameters are obtained. In this section, β = 0 because we consider the open access femtocells. If we define t m (x) and t fo (x) as
the optimization problem (3) is rephrased by
where , where x * is the optimal value of x.
Proof: See Appendix B-A. As inferred by (31) and (33), the performance of our load balancing algorithm is always limited by the throughput requirement of an fMS if
. We define such cases by the fMS's requirement-limited environments. Then, the following proposition holds.
Proposition 2:
In the fMS's requirement-limited environments, the optimization problem (32) is convex.
Proof: See Appendix B-B. From the above proposition, the optimal solution of x can be efficiently obtained by using the standard methods used for solving the convex optimization [32] if the given environment is the fMS's requirement-limited environment. We expect that the two-tier cellular networks mostly operate in the fMS's requirement-limited environments, because the oMS's throughput requirement is easily satisfied with the reasonably large fMS's benefit requirement, i.e., M . However, if the given environment is not the fMS's requirement-limited environment, we should obtain a sub-optimal solution of x using the inefficient exhaustive search algorithm. To check whether a given environment is the fMS's requirement-limited environment, the following proposition could be useful. 
K is the sufficient condition that a given environment is the fMS's requirement-limited environment.
Proof: See Appendix B-C. From the (sub)optimal value x * , the service area control is implemented by setting P cs according to (2) and (14) . The optimal ρ * is configured according to Proposition 1. The optimal solution x * has the following property.
Proposition 4:
where N f is the average number of fBSs in a macrocell area, is a sufficient condition that the optimal solution of the problem (32) is given by x * = X max in the typical fMS's requirement limited environments where the average number of users in a macrocell is larger than that in a single femtocell.
Proof: See Appendix B-D. Proposition 4 can be interpreted as follows. The expansion of the femtocell service area is encouraged if the average spectral efficiency of an fMS is much larger than that of an mMS, and the expansion of the femtocell service area is also encouraged if there are many femtocells in the system because the sum of performance gain in the system is approximately proportional to the number of femtocells. On the other hand, large benefit requirements from fMSs, i.e., M , can limit the service area expansion to guarantee the performance of femtocell owners who are the premium users.
B. Extension Considering Interference Thinning (Thin)
As shown in Proposition 4, the optimal performance of our load balancing scheme is determined by D max , and thus its efficiency can be enhanced if the maximum coverage of femtocells is increased. This can be done by OA-Thin, a combined scheme of our proposed scheme and an interference thinning scheme, which is designed to reduce the inter-fBS interference by partially utilizing dedicated resources for fBSs. In OA-Thin, each fBS randomly chooses which resources to use with probability θ, and thus small θ leads to low resource utilization and reduction of aggregate throughput of fBSs while large θ causes high inter-fBS interference. Therefore, we consider the new control parameter, i.e., θ, along with It is difficult to show that finding the optimal solution of OA-Thin scheme is a convex problem in the fMS's requirement-limited environments as described in Proposition 2. However, if θ is given, Proposition 2 holds, and hence we can find the optimal x * (θ) and ρ * (θ) efficiently in the typical environments where the operation is dominated by the benefit requirement of fMSs. Therefore, we repeatedly solve the convex optimization problems with various candidate θ values, and the suboptimal θ * is set as the one minimizes the objective function.
C. Analysis of Optimal Parameters
In this section, we show the optimal parameters of the proposed schemes based on our analytic model. The basic parameters shown in Table III are used in the evaluations unless mentioned otherwise, and we obtain the results with various M values, where fMSs require M times higher average throughput than the average throughput of mMS. Fig. 4(a) shows the optimal service radius d * f given by the optimization of OA and OA-Thin schemes. In OA, D max = 160.15, 132.88, 112.03 (m) for the average number of fBSs N f = 10, 30, 50, respectively. That is, as N f increases, D max decreases due to the increased interference. For all N f , OA scheme determines to use D max as the service radius of femtocells when M is not very large. If M exceeds some threshold, the optimal femtocell radius becomes smaller than D max , because sharing the femtocell resources with many oMSs is not an efficient method to provide a large relative benefit to the fMSs. In the sense of N f , D max is preferred in the wider range of M when N f is large, because the offloading gain of using femtocells is more significant with the large number of fBSs. These results are the same results which are inferred by Proposition 4.
The optimal resource utilization ratio of femtocells, i.e., θ * , in OA-Thin scheme is shown in Fig. 4(b) . The needs for interference management gets larger as N f grows. Therefore, Fig. 4(a) shows that the OA-Thin scheme with N f = 30, 50 chooses to reduce θ while compensating the loss in resources by expanding d * f in the small M region, where the adjustment gets more aggressive with larger N f . In the mean time, the interference thinning is not effective when M is very large, because it is difficult to satisfy the requirement of M if fBSs use the partial resources in the femtocells. Accordingly, Fig. 4(b) shows that the femtocells are required to fully utilize the dedicated femtocell resources for large M .
The optimal ratio of resources dedicated to femtocells, i.e., ρ * , is shown in Fig. 4(c) . For the region where d * f is fixed, ρ * proportionally increases as M increases. However, in the middle region where d * f increases, ρ * decreases to properly maximize the average throughput of mMSs while meeting the requirements for the fMS's performance.
VI. OPTIMIZATION IN HYBRID ACCESS FEMTOCELLS
In hybrid access femtocell networks, we optimize β as well as x and ρ. The analysis results for the open access femtocell networks in the previous section are used in the optimization procedures for the hybrid access femtocell networks.
Proposition 5: When the target femtocell service area x is given, the optimal ρ * and β * which maximize the objective in (3) are given as follows:
, and D (x)
From Proposition 5 and the original problem formulation in (3), the load balancing problem in hybrid access femtocell can be treated as the single variable optimization with the control parameter x. Unfortunately, the above optimization problem is not a convex optimization problem. Therefore, we find a sub-optimal solution by calculating the objective function over the feasible region of x. Because the original problem has been simplified to a single variable problem and the feasible region of x is bounded, we can find the sub-optimal solution x * without excessively complex computations.
The performance gain of mMS and fMS in the hybrid access femtocell networks is achieved at the cost of the average performance degradation of an oMS by using β > 0. Fig. 5 describes the ratio between the throughputs of in open access femtocells and hybrid access femtocells based on analysis. oMSs in the open access femtocells enjoy much larger throughput performance than oMSs in the hybrid access femtocells thanks to the resource-fair intra scheduling of the fBS. However, it is unfair that the oMSs achieve such large throughput because the oMSs and mMSs are actually the same type of users who do not pay any cost for the femtocell deployment. On the other hand, the hybrid access fBS distinguishes the fMS from the oMSs and the average throughput of oMSs are properly controlled so that the similar quality of services are provided to the mMSs and oMSs. Fig. 5 shows that the average throughput of an oMS in the hybrid access femtocell networks is exactly K times larger than that of an mMS, where K is generally a small value.
VII. PERFORMANCE EVALUATION A. Evaluation Environments and Comparing Schemes
This section evaluates the proposed schemes via numerical analysis and computer simulations. As described in Section III, fBSs are randomly deployed according to SPPP, with an additional constraint in simulations such that the distance between the fBSs should be equal to or larger than 2D h . The channel model for the numerical analysis and simulations is described in Section III, and the basic evaluation parameters are provided in Table III [12] , [33] . We consider the random mobility of macrocell users in the simulations and the performance of users located in the interested area, i.e., a single macrocell area, for the performance analysis.
In our evaluations, the proposed schemes are compared with some comparing schemes. The basic comparing scheme is CoRSSI where the mBSs and fBSs share the same bandwidth, and a user associates with the cell which provides the best signal strength including both macrocells and femtocells.
CoRSSI is excellent in the aspect of sum capacity by fully reusing the bandwidth, but the benefit achieved by mMS can be smaller than the dedicated bandwidth based schemes due to the limited offloading gain as will be shown in Section VII-B. In order to show the maximum offloading gain in a co-channel deployment, we also introduce CoLB (Cochannel Load Balancing) scheme where the system promotes the users to access femtocell as much as possible while the basic requirement for service area of femtocell is satisfied. The details of CoLB is described in Section VII-B. DivRSSI is the scheme which assigns the dedicated orthogonal resources to femtocells like the proposed schemes, and each MS associates with the BS which provides the best RSSI value like CoRSSI. In DivRSSI, the bandwidth is divided into the macrocell and femtocell resources with the optimal ratio, i.e., ρ * , while maintaining the constraints T f ≥ M T m and T f ≥ KT o . The optimal ρ * is chosen based on the simulation results in DivRSSI because no numerical analysis model exists for DivRSSI. Finally, femtocells do not allow any open or hybrid access of oMSs to access femtocells in CoCA and DivCA, where CA stands for Closed Access. Similar to DivRSSI, the optimal bandwidth dedicated to femtocell is applied for DivCA based on the simulation results, while the whole resources are shared by macrocell and femtocell users in CoCA.
B. Analysis and Simulation Results
We evaluate the performance of proposed schemes using numerical analysis. The default evaluation parameters specified in Table III are used unless mentioned otherwise. First, we show that the numerical analysis is valid in spite of the simplifying assumptions and approximations. We obtain the average spectral efficiency and average throughput of an fMS, oMS, and mMS when the values of d f are given. After simulations with 10, 000 distributions, we compare the average simulation results with the analysis, as shown in Fig. 6(a) . The results indicate that the errors between the numerical analysis and the computer simulation are negligible, i.e., around 2%. Fig. 6(b) shows the average throughput of an mMS. We find that the performance of mMSs is enhanced by utilizing the proposed schemes in most regions. When the required benefit from fMSs is small, the more aggressive traffic offloading from macrocell users is feasible. Therefore, the performance gains of OA and OA-Thin are more significant when M is small. Among the comparing schemes, CoRSSI provides comparable or even better average throughput performance to mMSs than the proposed schemes when the required fMS's benefit exceeds a certain value. This result shows that co-channel deployment could be more efficient to guarantee very large performance benefits to fMSs. However, this phenomenon happens when M is very large, e.g., M > 50 in this example, and such large benefits for fMSs might not be required in reality. HA(-Thin) schemes achieve the better average throughput of an mMS than OA(-Thin) schemes. Especially, the gain of hybrid access femtocell is still very significant even in the environments where M is very large, while the open access femtocell's offloading gain is limited. In HA(-Thin) schemes, the performance of mMSs and fMSs are improved by preventing the oMSs from achieving the performance gain much more than necessary. OA-Thin and HA-Thin schemes obtain the further performance gain by improving the SINR status and extending the maximum femtocell coverage. As discussed in Section V-C, the partial utilization of femtocell resources, i.e., OA/HA-Thin, is preferred when M is small.
The impact of the number of fBSs in a macrocell area is shown in Fig. 6(c) . In the open access femtocell networks, the performance of mMS is enhanced as the number of fBSs increases because the chances for the offloading of macrocell's traffic increases. As the previous propositions implicate, the interference thinning in OA/HA-Thin becomes useful when the number of fBSs is large where the load balancing efficiency is maximized. Obviously, the performance of CoCA scheme, i.e., co-channel deployment based on the closed access femtocells, is rapidly degraded as N f increases due to the excessive co-channel interference.
Load balancing gain can also be enhanced in co-channel deployment scenario by expanding the service area of femtocells. CoLB scheme expands the service area of femtocells as much as possible while the basic requirement for signal quality is satisfied. A weight factor for femtocell access, i.e., δ f , is notified by the system under CoLB scheme, and a macrocell user associates with a femtocell if δ f ·RSSI f,max > RSSI m , where RSSI f,max is the maximum received signal strength from the nearby fBSs and RSSI m is the received signal strength from the mBS, respectively. CoLB is identical to CoRSSI when δ f = 1. Though the offloading gain obtained in the macrocell tier increases as δ f increases, the maximum δ f is limited by the service quality constraint, e.g., average outage rate, of oMSs. For a fair comparison with the proposed schemes, we use the maximum δ f which satisfies O o (δ f ) ≤ O max , where the outage rate threshold, i.e., O max , is the same as that used in the proposed schemes to limit the maximum femtocell service radius, i.e., D max . Fig. 7(a) shows the average outage rate of oMSs when δ f is given. As shown, the average outage rate of oMSs increases as δ f increases. In our evaluation, CoLB cannot expand the service coverage when the number of fBSs is 30 or 50 because the average outage rate exceeds the configured threshold, i.e., O max = 0.15, even when δ f is 0 dB. A small margin for coverage expansion is available when the number of fBSs is 10.
On the other hand, the proposed scheme adaptively manages the average outage rate according to the number of fBSs. With O max = 0.15, the performance of CoLB is very close to that of CoRSSI due to the limited offloading gain, and only a small performance gain is observed when the number of fBSs is 10. With the proposed schemes, however, a significant performance gain is provided to mMS. With O max = 0.3, CoLB achieves a larger mMS throughput than CoRSSI for most cases at the cost of increased outage rate. However, the performance gains of mMSs achieved by the proposed schemes are much more significant than the one achieved by CoLB. Note that this result does not mean that the proposed schemes are always better than the co-channel based schemes. The proposed schemes have strength in improving the performance of mMSs while maintaining the relative benefits of fMSs and oMSs around the planned levels. Since the co-channel based scheme is more efficient in the aspect of the total system capacity, the choice of the resource management should be adaptive to various aspects, e.g., system environments, market status, consumer characteristics, mobile operator's policy.
C. Impact of Other Environmental Parameters
Our basic system model used in the previous sections includes some simplifying assumptions, e.g., uniform user distribution, to ensure numerical tractability. The numerical analysis and optimization are important in spite of the simplification because it gives the intuition for the system performance and optimal parameters. However, investigation for realistic environments would be beneficial for further understandings. In this section, we consider some more environmental parameters which have not been considered in the basic numerical model, and the impacts of the new environmental parameters are analyzed through the simulations.
We assume the uniform user distribution in the basic model, but it is generally said that indoor user density is much larger than outdoor. Therefore, we introduce new environmental parameter to represent the heterogeneity for indoor and outdoor user densities, i.e., k in . We refer to the outdoor and indoor user densities as λ u,o and λ u,i = k in λ u,o , respectively. Then, the average number of mMSs and the average number of oMSs in a femtocell area are respectively obtained as
from (14) . By putting (37) and (38) into the analysis in Section IV, the performance of the proposed schemes with a heterogeneous user distribution can be numerically analyzed. Fig. 8(a) shows the average throughput of mMS with a heterogeneous user distribution. As shown in Fig. 8(a) , the load balancing gain of all the open access schemes increase as the indoor user density increases because indoor femtocells can efficiently offload the traffic of the indoor users. The relative gain of OA scheme is reduced when the indoor user density is high, because the comparing schemes also enjoy high offloading gain from indoor macrocell users. On the other hand, HA scheme still maintains the relative gain for mMS by limiting the performance of oMSs.
In the real environments, the maximum number of users served per femtocell is limited due to the inexpensive femtocell devices. We refer to the maximum number of users instantaneously allowed to access a femtocell as N max , and investigate the impact of N max using simulations. In the simulations, each macrocell user dropped at a random location tries to choose the best femtocell or macrocell based on the criterion of the employed target cell selection scheme. If the target cell is a femtocell and the number of users in the cell already exceeds N max , the user tries to choose the next best cell according to the criterion. Multiple simulations are conducted for the quantized target femtocell service area candidates, i.e., x. Then, the optimal bandwidth division ratio and intra-femtocell resource dedicated ratio at a given x, i.e., ρ * (x) and β * (x), are numerically obtained by using Proposition 1 and Proposition 5. Finally, the sub-optimal x * is chosen by comparing the results for various x values. Fig. 8(b) shows the average throughput of an mMS when the number of admissible users is limited by a specified value. If only a small number of users can be served by an fBS, the average throughput of an mMS cannot be enhanced much although the load balancing schemes are used. In our evaluation environments, the offloading gain sharply decreases when the number of admissible users is less than 6. On the other hand, if the number of admitted users is larger than 8, the performance enhancement is almost saturated.
Our basic assumption for femtocell distribution is that the buildings (or houses) are randomly distributed according to SPPP. In order to show the performance in the realistic environments, we show the simulation results based on the real deployment information for WiFi APs. Because the femtocell service is in an early phase, we use the location information of WiFi APs registered in [34] , where we assume that some of the WiFi APs are replaced by femtocells.
Simulation results shown in Fig. 8(c) have been obtained based on the deployment information in downtown Seoul, Korea. In order to compare the results with the basic results in Section VII-B, we assume that only the predefined ratio of WiFi APs in the area are replaced by femtocells, and the density of the femtocell in the macrocell area is known to the system. We obtain the average value after 300 simulations where different randomly chosen WiFi APs' locations are assumed in each run. The same channel model used in the numerical analysis is used for the simulations. The meaning of this simulation result may be limited because the performance gap between the numerical analysis and real performance results is severely affected by the system environment. However, Fig. 8(c) reveals that analysis results show similar trends to the simulation in some cases, and the proposed schemes still have performance gain even though the optimization based on the local information has not been performed. Although the analysis results can be different from the performance in the real system, the numerical analysis and optimization are still very important because it can give the insights for the network performance in the various environments and good guidelines for the system design.
VIII. CONCLUSION
In this paper, we develop load balancing schemes which are efficient when the open or hybrid access femtocells coexist with macrocells. We aim at maximizing the average throughput performance of mMSs while guaranteeing some benefits to fMSs. In order to maximize the offloading gain of the open and hybrid access femtocells, we propose using the separate bandwidth deployment and jointly optimize the effective service areas and the amount of dedicated resources of the femtocells. Using an analytic framework, we prove that the joint optimization problem is convex in some typical environments. We also introduce the scheme which applies the interference thinning scheme on top of the proposed schemes in order to further enhance the offloading gain. In the hybrid access femtocells, the performance of our load balancing scheme is improved by optimally determining the amount of dedicated resources to the fMSs. Performance evaluation shows that the proposed schemes significantly improve the system performance while satisfying the requirements of fMSs.
APPENDIX A DERIVATION OF SINR DISTRIBUTIONS
Consider an MS and its multiple interfering fBSs randomly located outside a circular region with radius D according to SPPP with the intensity of λ I . Then, the aggregated interference from the multiple fBSs to the MS is expressed as 
Using the integral table in [36] , L Ia (s) when α = 4 becomes
A. SINR Distribution of an fMS
Although our actual system model does not allow the deployment of an fBS if the distance between the fBS and other fBS is less than 2D h , pure SPPP distribution is assumed in the numerical analysis for numerical tractability. Therefore, it is assumed that the interfering fBSs are randomly located according to SPPP with the density of λ f and the indoorto-indoor pathloss parameters are applied for the interference links from the other fBSs. If we refer to the interference received by a typical fMS as I f , by (41) we obtain
where α 5 and Z 5 are the indoor-to-indoor pathloss parameters. SINR of a typical fMS is expressed by γ f =
, where r f is the distance between an fMS and its serving fBS, P N is the noise power, and Ψ is an independent Rayleigh fading component of the link between an fMS and its serving fBS. Furthermore, Z 2 and α 2 are the indoor pathloss parameters in Table I . For simplicity, we define s = Γ (Z 2 r f ) α2 P f −1 . Then, the CCDF of an fMS's SINR is given by
where the third equality holds since Ψ is exponentially distributed, and the last equality comes from the definition of the Laplace transform. Combining (41), (42), and (43) derives (7). 
B. SINR Distribution of an mMS
C. SINR Distribution of an oMS
Let us consider a typical oMS located r o away from its serving fBS. The interference received by the oMS from other fBSs, denoted by I o , is the sum interference from the fBSs randomly distributed outside a circular region with radius r o and with density λ f . Hence, using (39), the 
